The surface marker PROM1 is considered one of the most important markers of tumor-initiating cells, and its expression is believed to be an adverse prognostic factor in gliomas and in other malignancies. To date, to our knowledge, no specific studies of its expression in medulloblastoma series have been performed. The aims of our study were to evaluate the expression profile of the PROM1 gene in medulloblastoma and to assess its possible role as a prognostic factor. The PROM1 gene expression was evaluated by quantitativepolymerase chain reaction on 45 medulloblastoma samples by using specific dye-labeled probe systems. A significantly higher expression of PROM1 was found both in patients with poorer prognosis (P 5 .007) and in those with metastasis (P 5 .03). Kaplan-Meier analysis showed that both overall survival (OS) and progression-free survival (PFS) were shorter in patients with higher PROM1 mRNA levels than in patients with lower expression, even when the desmoplastic cases were excluded (P 5 .0004 and P 5 .002, for OS and PFS for all cases, respectively; P 5 .002 and P 5 .008 for OS and PFS for nondesmoplastic cases, respectively). Cox regression model demonstrated that PROM1 expression is an independent prognostic factor (hazard ratio, 4.56; P 5 .008). The result was validated on an independent cohort of 42 cases by microarray-based analysis (P 5 .019). This work suggests that high mRNA levels of PROM1 are associated with poor outcome in pediatric medulloblastoma. Furthermore, high PROM1 expression levels seem to increase the likelihood of metastases. Such results need to be confirmed in larger prospective series to possibly incorporate PROM1 gene expression into risk classification systems to be used in the clinical setting.
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Keywords: cancer stem cells, medulloblastoma, PROM1, q-PCR. M edulloblastoma (MBL) is an embryonal tumor arising in the cerebellum, and is the most common brain malignancy in childhood. 1 The current World Health Organization (WHO) classification distinguishes 4 main variants of MBL: classic, large cell/anaplastic (lumped into a "non desmoplastic group"), desmoplastic/nodular, and with extensive nodularity (lumped into a "desmoplastic" group). 2 Because of morphologic and clinical factors, this classification has recently been confirmed on the basis of the histogenesis, 3 suggesting the existence of stem or progenitor cell populations, as assumed in the first description of this neoplasm. 4 Indeed, it has been possible to identify a cell subpopulation from MBL that exhibits cancer stem cell (CSC) properties. 5 -7 Recently, we succeeded both in obtaining a new permanent cell line with stem cell -like features from an anaplastic medulloblastoma and in isolating neurospheres from classic MBLs. 8 CSCs possess properties that may confirm a latent stem cell program of 1 small subpopulation of cells in the tumor mass, also called tumor-initiating cells (TICs) , that may be the cause of the aggressiveness of the tumors. 9, 10 One of the features that identifies brain TICs is the expression of the PROM1 (CD133) gene encoding a 5 transmembrane domain protein, 11, 12 which is considered one of the most important markers in both normal and tumoral neuronal progenitor cells. 5, 10, 13 Thus, in animal models and in cell culture studies, CD133-bearing TICs demonstrate the ability to initiate and drive tumor progression, 3, 5 displaying strong tumor resistance to chemotherapy (CT) and/or radiotherapy (RT). 14 -16 Although the correlation of PROM1 with patient survival has already been demonstrated in various human tumors, including gliomas, 17 to date, no specific studies of its expression as related to patient outcome in medulloblastoma have been performed. Thus, detection of CD133 should contribute to better stratification of patients with MBL. 10 Our study aimed to evaluate the expression profiles of the PROM1 gene in MBL with use of quantitative -reversetranscription (qRT)-polymerase chain reaction (PCR) and to determine its possible prognostic significance.
Methods

Tumor Specimens and Patients
Forty-five patients who underwent surgery at the Neurosurgery Unit of the Giannina Gaslini Children's Hospital (Genoa, Italy) during the period 1991 -2007 were enrolled in this study. The only inclusion criteria were the availability of their complete clinical data and the availability of fresh tissue specimens. Each sample was required to have a tumor cell content of at least 80%. Histopathological findings for the selected cases were reviewed in accordance with the latest WHO classification. 2 Thirty-five tumors (77.8%) fulfilled the criteria for classic MBL, 6 tumors (13.3%) had the desmoplastic variant, and 4 (8.9%) had the large-cell/ anaplastic variant. Only tumors with severe, widespread anaplasia were classified as anaplastic. Nuclear expression of INI1 was retained in all cases. Immediately after surgical resection, tissue specimens surplus to diagnostic needs were snap-frozen into 2-mL cryogenic vials (Nalge Nunc International), stored in liquid nitrogen, and collected in the Neuro-Oncology Bio-Bank of the Giannina Gaslini Childrens' Hospital. The selected cases were described in a study published elsewhere. 18 Cases were staged on the basis of current national cooperative protocols, and patients were treated at a single institution. Four children (8.9%) were ≤3 years of age at the time of surgery and were treated with up-front CT using 2 main protocols (UK9204 19 and AIEOP SNC 9501 20 ); to avoid or delay irradiation, one of them (whose condition was diagnosed after 1997) also received a more intensive protocol (high-dose chemotherapy [HDCT]). Forty-one children (91.1%) were .3 years of age and were treated with the Packer regimen. 21 After 1997, patients aged .3 years who were considered at high risk (12 patients [26.7%]) were treated with an institutional protocol using HDCT followed by craniospinal irradiation. 22 To categorize the selected cases, postsurgical treatment ranks were pooled in 3 groups: the NOR group, CT or RT only; HD, HDCT plus RT; and SD, standard dose CT plus RT.
Metastasis 
RNA Isolation
Total RNA was extracted using 10-mm frozen sections using Trizol reagent (Invitrogen Life Technologies), following the standard procedure. RNA was quantified using Nanodrop spectrophotometric analysis (Celbio), and its integrity was assessed qualitatively on the Agilent 2100 Bioanalyzer (Agilent). Double-stranded cDNA synthesis was performed using a Two-Step cDNA Synthesis kit (Invitrogen Life Technologies) with Oligo(dT) 20 priming.
qRT-PCR Analysis and Assay Conditions
The human PROM1 gene expression (NM_006017) was tested by real-time PCR using a specific doublelabeled fluorescent probe (ABI PRISM 7500 HT Sequence Detection System; Applied Biosystems). Beta actin (ACTB; NM_001101), Pyruvate kinase (PMK2; NM_002654), and Beta-2-microglobulin (B2M; NM_004048) were used as the endogenous control genes for each tumor specimen, and 3 samples of normal cerebellum were used as tissue references.
To obtain the highest amplification efficiency of the systems, primers and "dual-labeled" probes (Table 2) were designed using Primer Express (PE AppliedBiosystem), Oligo 4.1 (National-), and PrimerPy v0.97 (a GUI utility for quantitative-polymerase chain reaction (q-PCR) primer design software) to assess the best thermodynamically performing sequences. Primers were selected to hybridize on different exons, and the absence of region-containing single nucleotide polymorphisms was tested using the e!Ensembl website (http://www.ensembl.org). In addition, the folding of the amplified sequences and their flanking regions were checked using the DNA mfold suite on the M. Zuker web site, 24 according to the thermodynamic parameters established by J. Santalucia. 25 Finally, the specificity of primers and probes was tested using NCBI Blast,
GeneWorks 2.5.1 (Oxford Molecular Group) and MacVector (MacVector) software suites. TIBMolbiol (Genoa, Italy) performed the synthesis. Validation of each system was performed using standard curves on cDNA derived from the 1603-MED medulloblastoma cell line. 8 The q-PCR efficiencies were calculated using the following equation: E ¼ 10 [21/ slope]. Data were considered comparable when the difference between the efficiencies was ,0.1. 26 The normalized fluorescent signal (DRn) was automatically calculated by an algorithm that normalizes the reporter emission signal. The threshold value applied to the algorithm generating the threshold cycle (Ct) was set at 0.05 in all experiments. These assays did not generate any fluorescent signals when genomic DNA was used as a template, confirming that the assays only measured mRNA expression. The relative quantification of PROM1 transcript for each sample was performed according to the comparative method (2 2DDCt ; Applied Biosystems User Bulletin no. 2P/N 4303859), 27 The minimum information for publication of quantitative real-time PCR experiments (MIQE) are provided elsewhere. 30 
Valition of the Prognostic Role of PROM1
In order to validate the prognostic role of PROM1 expression 42 medulloblastoma samples were used. Such additional series of cases were homogenously selected on the basis of similar clinical features to those analyzed by qPCR. The PROM1 expression profile was evaluated by micro-array-based data-analysis as reported elsewhere. 31 Patients with medulloblastoma were dichotomized on the basis of expression of PROM1; overall survival (OS) curves were drawn up, and the best P value from the sequence was used to represent the final PROM1 expression cutoff.
Statistical Analysis
Descriptive analyses were performed reporting absolute frequencies and percentages for qualitative variables, whereas medians, 25 th and 75 th percentiles, and ranges were used for quantitative variables. Comparisons of the quantitative data of PROM1 expression between 2 groups of patients were performed using the Mann-Whitney U-test, because the normality and homoscedasticity assumptions were not fulfilled. Comparisons of .2 groups were performed by nonparametric analysis of variance (ie, the Kruskal -Wallis test).
The quantitative variable PROM1 expression was dichotomized according to the best cutoff value obtained by the receiver operating characteristics (ROC) analysis using the life status (dead vs alive) or the event of relapse (presence vs absence of relapse) as the outcome variable, respectively. 32 Progression-free survival (PFS) and OS curves were calculated for all patients (n ¼ 45) as well as for patients with nondesmoplastic variants (n ¼ 39) on the basis of high or low levels of PROM1 gene expression. All curves were compared using the log-rank test.
Finally, a Cox regression model was fitted to evaluate the role of some variables in influencing the negative outcome. Variables that reached statistical significance in the univariate analysis, as well as clinically important variables, were included into the model. A step-down strategy was used for modelling, and the likelihood ratio test was used for comparisons. Hazard ratios (HR) and 95% confidence intervals (95% CIs) were calculated and reported.
All statistical tests were 2-sided, and P values ,.05 were considered to be statistically significant. The Statistica software package, release 8.0) (StatSoft), was used for descriptive and bivariate analyses, and Stata software, version 7 (Stata), was used for survival and multivariate analysis.
Results
PROM1 Expression in Pediatric Medulloblastoma
The reproducibility of the calibration curve of each system was analyzed and the q-PCR efficiencies of the all systems displayed slope differences ,0.1, indicating that the data could be compared (Table 2 ). To determine the most stable reference genes, we also performed a preliminary analysis using GeNorm. Indeed, the Ct values were transformed to quantities by using the comparative Ct method, and the relative expression level for each primers at 300 nM, probes at 200 nM, and ROX reference dye at 100 mM. The cycling conditions included 2 min of degradation of pre-amplified templates at 508C, followed by 2 min of denaturation at 958C, 40 cycles of denaturation at 958C for 20 s, and annealing/extension at 548C for 60 s. Fig. 1 ). The gene expression of PROM1 was not statistically different in the 3 groups of treatment (P ¼ .15) ( Table 1) . None of the other clinical-pathologic features, such as age at surgery, sex, or recurrence, had any statistically significant relationship with PROM1 expression (Table 1) .
Association of PROM1 Expression with Patient Outcome
To perform survival analysis, the quantitative variable "PROM1 expression" was dichotomized by the ROC.
The cutoff value between children who died of disease and those who survived was 1.32 (n ¼ 45); it was 1.97 when patients with nondesmoplastic tumors alone were included in the analysis (39/45). The discriminating value between children who had relapse and those who did not was 1.44 and did not change even when nondesmoplastic cases alone were analyzed. Kaplan -Meier curves of estimated OS revealed a significantly shorter duration of survival for patients with PROM1 expression levels .1.32 (P ¼ .0004) ( Fig. 2A) . PROM1 expression levels ≤1.32 were observed in 18 (40%) of 45 patients, 3 of whom died (16.7%). On the contrary, PROM1 expression levels .1.32 were observed in 27 (60%) of 45 patients, 19 (70.4%) of whom died. Kaplan -Meier curves of estimated PFS revealed a significantly shorter PFS among patients with PROM1 expression levels .1.44 than in those with PROM1 expression levels ≤1.44 (P ¼ .002) (Fig. 2B) .
Because patients with the desmoplastic variant are known to have better survival rates, we decided to analyze the OS and PFS of patients with nondesmoplastic tumors (39 of 45 patients) alone. OS and PFS, as calculated by the Kaplan -Meier curve, revealed that nondesmoplastic variants with high levels of PROM1 expression were significantly associated with poor prognosis (OS, P ¼ .002; PFS, P ¼ .008) (data not shown).
Furthermore, we analyzed the OS curve in the 3 treatment groups-that is, the NOR (for CT or RT only), HD (for HDCT plus RT), and SD (for standard dose CT plus RT) groups. The log-rank test revealed a significantly shorter duration survival among patients with high-level PROM1 expression than in patients with lower-level expression, independent of the treatment received (P ¼ .016) (Fig. 3) .
OS of an independent cohort of patients (n ¼ 42), analyzed by microarray analysis, also confirmed that, in this cohort, high PROM1 expression levels were significantly associated with poor prognosis (P ¼ .019) (Fig. 4) .
Prognostic Role of PROM1 Expression
In addition, we performed Cox regression model analysis to evaluate the possibly independent role played by the various prognostic factors, such as PROM1 expression level, M stage, extent of postoperative residual tumor, and treatment, on patient survival. As shown in Table 3 , the analysis demonstrated that there were 2 independent prognostic factors statistically related to patient survival: PROM1 expression .1.32 (HR, 4.56; P ¼ .008) and M+ status (HR, 3.20; P ¼ .012). Postoperative residual tumor and treatment were not found to be statistically significant, but they were then forced into the model to obtain estimates of HRs adjusted for them. The role of PROM1 expression . 1.32 remained unmodified even when adjusted for the To perform the statistical test (ie, the log-rank test), the group NOR/low PROM1 expression was excluded, because it was represent by only 1 patient. That patient is still alive after a follow-up of 13.6 years. Fig. 4 . Kaplan-Meir survival plot of independent series of cases (N ¼ 42, P ¼ .019). The duration of overall survival (OS) is shorter in patients with high PROM1 mRNA levels (n ¼ 9). Medulloblastoma patients were sorted on the basis of expression of PROM1 and subsequently dichotomized on the basis of expression of PROM1. For each group separation, the log-rank significance was calculated. The best P value out of the sequence was used to represent the final PROM1 expression cutoff. 
Discussion
This work suggests that there is a significant relationship between high mRNA levels of PROM1 and the prognosis of pediatric MBLs, finding that PROM1 expression is a potential predictor of survival independent to clinical parameters. Therapeutic approaches for MBL have made a great deal of progress over the past 3 decades, leading to an improvement in the survival of affected children. Nonetheless, the permanent neurological deficits related to the treatment still occur, and the mortality rate exceeds 30%. 33 To choose the best treatment for patients with MBL, it is crucial to stratify them into risk groups. In brief, current staging is based on histological classification, age at diagnosis, extent of tumor resection, and presence or absence of metastases. Because patients who are stratified as "average risk" have better prognosis and an average PFS rate of 80%, they undergo less aggressive therapy protocols. On the contrary, "high-risk" patients whose PFS is no greater than 40%-70% undergo multimodal therapy, including more intensive CT and RT regimens. 34 -37 Unfortunately, however, some patients who are currently classified as "average risk" experience treatment failure and thus require more aggressive protocols. On the contrary, some selected high-risk patients might avoid undergoing intensive approaches, which imply possible treatment-related toxicities for long-term survivors. 34 -41 In other words, based on new biological markers, a refinement of staging is needed to optimize treatment for MBL. 42, 43 The presence of a subpopulation of cells with stem-cell like features has been demonstrated and could provide us with a suitable explanation for the biological behavior of such a tumor. 44 TICs, like normal stem cells and progenitor cells, express the PROM1 gene (CD133). 9 One of the reports regarding the role of PROM1 expression in cancer showed its correlation with patient survival in gliomas. 17 Nonetheless, although this antigen is considered the "molecule of the moment," 45 its role has stirred up considerable controversy. To simply evaluate PROM1 expression as a prognostic factor, we evaluated its transcript levels by q-PCR in a cohort of 45 pediatric patients with MBL; to our knowledge, this represents the first study of this issue. We found that high levels of PROM1 expression were associated with adverse prognosis, and furthermore, a significant correlation was found with M+ patients that may support the assumption that high mRNA levels of PROM1 are associated with poor outcome. To define a cutoff value that could dichotomize the range of quantitative variables of PROM1 expression, a ROC curve was calculated, taking biological factors into account as well. As a result, we found that patients with higher PROM1 mRNA levels had shorter OS and PFS durations than did patients with lower PROM1 expression, and importantly, this observation was also confirmed when the desmoplastic cases, which bear a better prognosis, were excluded. Moreover, the prognostic role of PROM1 was confirmed in an independent cohort of 42 cases showing that OS is shorter when patients with medulloblastoma express high levels of PROM1.
PROM1 expression would appear to be more predictive than standard clinical factors, such as M-status, which is acknowledged as an important adverse prognostic factor. 46 Indeed, it is worth making an additional comment-that is, that high levels of PROM1 seem to increase the metastatic phenotype and, as a prognostic The Cox model demonstrates that PROM1 expression is an independent prognostic factor with regard to treatments, postsurgical tumor residue, and M stage. CI denotes confidence interval; PROM expr, PROM1 expression level; HD, high-dose chemotherapy (HDCT) followed by craniospinal irradiation; SD, standard dose chemotherapy plus radiotherapy; and NOR, chemotherapy or radiotherapy only. a For 1 patient, data were not available.
factor, appear to have a higher degree of independence by treatment than the M-stage. Thus, keeping the TIC hypothesis in mind, this result might be supported by a recent review, which supposes that such cells may play a key role in the metastatic process. 47 Thus, our findings suggest that there is a significant relationship between PROM1 expression and the prognosis of pediatric MBLs. Our data are complementary to and expand on previous brain tumor studies.
It is well known that the mechanisms regulating tumorigenesis are "multifactorial," so it is unlikely that any single biological factor will be sufficiently robust to optimally stratify patients with MBL. On the other hand, without having addressed the problems related to the CSC hypothesis, we believe that PROM1 may play a potential role in determining the patient's prognosis and may thus be helpful in making treatment decisions.
Clearly, our results need to be confirmed in larger prospective studies, as do the prognostic cutoff levels of PROM1 mRNA expression. We therefore recommend prospectively assessing PROM1 expression levels in ongoing MBL clinical trials to validate the role of this gene for its possible future incorporation into risk classification systems to be used in the clinical setting.
